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Tie Oiject of this investingatios wes to develo 2 sane 
sling technique for tieasuring the watereair retio of 4 higk 
tT TRC CET Tat OPP er CPt cermin (CT barr in sae 
erobe Whiea would withdraw a truly representative sample of 
the tobal water (liquid and vavor) and air flow. 


The streamline pattern of tie flow  wupstream of such 
o prope if affected sy the piiysical pros nce of the prove 
dit tne rate at widel) the sasolo is withdraw. The distri- 
sution of water dronlets ln tne stream is chanved ‘ey anc 
ere eer bs oT Mielelos: isto Pade a MR PA o len Ae Md Ms] oe eT ae 
eirection tre:nmsverse to the stream, causiny tiv streay tube 
Uinich omteTs the probe to heye either too ‘ish oz too low a 
Vatereali> ratio, denendiny on the direction of the relatives 
Tansverse velocity of the drosletes and aizv unstresac of 
ret DTOIVes 


tke OFec chanye of the strear tube entering the probe, 
however, can ve controlled hy varying the satmle Etlow rate, 
al at gs oarticular value of this flow sate, tha area change 
mentionec is zero, in. whicli case the water air ratio of the 
Sample is taxen to be truly renresentative of the main strean 
“wo teciuilques were developed for identifyiny this sampling 
rete, anti are discussed in this teport. Mie first metiod 
requires » direct calculation of the area change of the 
oper ee Me yore tis Mtr Meso) e-bay ee Mei et be RH Eo che 
dimensional analysis of thw flow upstream of the probe in- 
volving the assumptions that there is no evaporation in the 
main strean, that tle water velocity and padi tase Bete 
equal in magnitude at the pn location, and that the 
Water droclets occupy negligible volume, e second method 
requires the use of a orove designed to measure the static 
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Tne objective of tis investigation Was to develop 2 
tecimique for weasuris7 the watereair ratio in a hich snecd 
sprayeladen alr stream. The desirability of being adlo to 
evaluate tie dispersion producec by atomizers injecting 
water into air streams fas become apparent in the current 
investigations into she possivility of obtaining a stagnation 
pressure increase in a hich temperature air stream by 
evaporative cooling cae Such a technique might er Pele 
useful in the evaluation of fuel injectors for ram jet 
engines, or in the mensurement of water siz ratios encoun- 
tered by planes flyir) through clouds. 

BT Bi cheyeseels Me Pay. ME tea MR Chat eb kw: Med ORM TIC 
stream throujii a probe, and to measure its watér sir ratio. 
The c#ux of the proslen was to insure that the sarple ob- 
tained was truly representative of the stream and not in 
error as a result of the divergence of the water drop tra- 
jectories from the alr streamlines caused by the disturbance 
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edyed probe, 2 true sataple being inferred when this difference 
is zero. 

iesler'[ 1] investigated the use of a sampling probe to 
measure Liquid concentration in a spray-laden air stream 
with velocities between 25 to 95 feet per second. He con- 
cluded that the messured ratios did not vary with sampling 
vate in the range of his experiments, and therefore that 
PARLE SRNL teh SoM See SAT yg ea be assumed to be one 
4unmdted per cent. 

The prosent iavestigation involved air speeds of the 
order of macnitude of 400 feet per seconc. Furthermore, the 
authors found considerable variation of water air ratio with 
sampling rate, and in fact collected extensive data on this 
Tpeset SA ECLA My sel lpe Lee Gaon Me Tee Shee oe ER a1 
SEPA Me eT Mea stork SMEs hae er sho Retr Peer sets ft) 
Parag MPA tl Seek red a a Me SET tn oD 

Other investigntors [3] have approached the problem 
STE PRES eMee tt su SOME Tate LMT Goes sik Sklar eT POY 
heated resistance wite loops to measure the cooling effect 
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Ii. PROCEDURE 


The experimental investigation upon which this thesis is 
based was carried out in an apparatus designed by Wadleigh a 
and Larson | 5], and built under the sponsorship of the Aero= 
thermopressor Project. The small scale (2-1/5 inch) subsonic 
aerothermopressor, Which is a duct fitted with an atmospheric 
inlet nozzle and a diffuser exhausting to the laboratory air 
exhaust system, was used as a source of a high speed spray 
laden air stream. The water injection nozzle used for this 
investigation was the so-called multiple prong nozzle con- 
sisting of seven parallel tubes of 0,110 inch inside diameter 
arranged six on a 1-1/4 inch diameter pitch circle, one at 
center; and aligned with the axis of the aerothermopressor, 
the nozzle discharge plane being coincident with the plane 
of minimum bellmouth area (entrance to cylindrical test 
tele BE 

The sample was withdrawn from the aerothermopressor at 
a point about fifteen diameters from the plane of injection 
by means of probes designed by the authors, (See Figures I, 
Sartre eee ert: led into the humidity measuring apparatus 
described by Larson (opscit.). A schematic diagram of the 
TREE he) ot be ae Le) given in Figure IV. 

OM Pe Mad ome ree aloe ct UO AE Ls 
piping, to minimize condensation of vapors,to the boiling 
water heat PSE em Rea ates which was to evaporate 
OCT ks Saab ES OOM Petts MD sot el 
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long radius flow measuring nozzle was installed directly 

Sb ae b me heat exchanger for the purpose of measuring the 
sample mass flow rate. Since the surface area of the heat 
exchanger was sufficiently large, it has been assumed for the 
purpose of this investigation that the temperature of the 
sample was constant at 209° F. at the inlet to the flow 
measuring nozzle. 

The steam and water heat exchanger following the flow 
nozzle was intended to provide a are for controlling the 
tenperature of the sample discharged to the sensitive element 
and to maintain the ambient temperature within the Dewcel 
chamber in the range of operation of the sensitive element. 
The characteristic curve of the Dewcel sensitive element is 
included as Figure V of this report. 

The sensitive element is a "thin walled metal socket 
(to fit a Foxboro thertiometer bulb) covered with a woven 
glass tape impregnated with Lithium chloride. A 25 volt 
alternating current power supply is connected to a par of 
silver wires wound over the tape, If the temnereture of the 
Dewcel is below the equilibrium temperature, the salt abe 
sorbs moisture from the atmosphere, the conductivity of tne 
solution on the tape between the wires increases, and the 
current flow increases, raising the Dewcel to equilibriun 
temperature. This temperature is then determined and used 
as a measure of the dew point temperature." * 


»- diagsd begs nan > moa a ec na Pose ham eanle 4 ae et tlm ce 2m aaah hens eat ears 
airy dsl yt Le pany Instruction Sheet 3-31l, ery Dew Point 
meng ve rsten, November 1950, The Foxboro Company, Fox- 
oro, hay 
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ec) Ta point of the samole in contact with the sensliive 
element tias read directly on either oF tio cemote reading 
ert) ee RET MO roel orn tt tee calibrated in accordance wits tue 
saturation characteristics of lithiusn cliloride. The therne- 
aeters covered a range of dew points from 51° F. to 142° F,, 
overlapping in the range 94° TF. to 102° F, 

The Veweel cliatsber wac a cylindrical shell connected to 
the sample piping and surrounded by an annular space t)itough 
wuich the steam and water from the temperature control Cre 
exchamer was Gischarged. A suction Line fron “ne sample 
chamber connected to the main aerothermopzersor exhazct 
system, and the pressure it: the crasiber was varied fror 
slightly below atmospheric to about D inches of mercury 
ee by means of a throttiing valve in this line. for the 
sake of brevity a more complete description of tie apparatus 
is omitted heve, and the reader teferred Pra original work 
by Lacson for details, 

The probes «used in tis experimental Lrvestigation were 
of tivo general types, The first shape investigated wat a2 
found nose type having a sudden expansion juat downstream 
of the prove entrance hole. Two such probes wore tested, of 
slightly different iiole diameters, but of external dimensions 
as shown in Figure I, A seconti siiapt investinated was a 
sharp nosed probe of stainless tubing, wit). « parallel section 
about one inch in length preceeding any oxpansion of the 
Se CRS MC Cee aa Beta Rsk ees 
ei Some | 
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A variation on the second type of probe was constructed 
by the Dosven Jjaval Siipyard for the authors, which was 
Pee Oa at ss PM Ah Mn MR it ant ees Figure II, but had 
in addition pressure taps arranged to read the pressures ine 
ternal and external to the probe close to the entrance. The 
details of construction of this probe are given in Figure III. 

Necause of the dizficulty of maintaining the pressure 
leads of the last prove free from water droplets, a metiiod 
of periodically freeing these leeds was devised. A clean 
alr supply at about 10 pounds per square inch gage was pro=- 
vided by means of a reducing valve and grease trap connected 
to the lakorateory service air supply. This low pressure air 
cipoly was connected to the pressure leads by means of com= 
mercial pyrex three way cocks, the free side of each cock 
uecing led to a differential weter manometer, By careful 
maninulation of the valves, it was possible periodically to 
[ree the pressure leads of water by blowing them out under 
Hzessure, and thus obtsin stable readings on the differential 
Manone>lere | 

The experimental cata leads to values of specific 
Paranal eh rot Me Mee tek SMM yo eP SMe Bes by Me Pah eck ba os) 
of wiich is described in Appendices Bel and Be2. The function 
is plotted in Figure VI for a representative run, with speci~« 
fic values of injected watereair ratio and inlet Mach Number. 

It was desired to express the function of humidity 
against flow rate in a dimensionless form to enable the 
correlation of data from the various runs. For this purpese 
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an area ratio was chosen which is Tee ci the change 
in cross section of the stream tube entering the |e) one aaVe le 

is a function of the local pressure, terperature, Mach Number, 
the injected water=air ratio and the sample flow rate. The 
local Mach Number and temperature are calculated from a Lo) at ta 
Bearish a st MME: tet DAZ NEBR, ME Appendices B-3 and Be4,. In 
all calculations it has been assumed that the liquid entering 
the probe occupies negligible volume. 

“ithin the limits of the eee ORES SHEL. MB Ss ME lsat ER inert 
the area ratio, as discussed below, the actual value of the 
ASE TB a See Sesh ke MEME nhl. -Ty oP MET ML PAS Bes Tt-itba to RE AT 
epparetus when the area ratio has a value of unity. This 
value, designated w*, was obtained from plots of , corrected 
SMSO) Seam bt bk See Ter Ee Tt ere ratio, representative 
plots being shown in Figure VII. 

the alternative method of indicating the proper value 
ca Lee ee Mba Ube Eto e Tit aed) eee ote air ratio of the 
stream is the use of the differential pressure measurements 
obtainable with the probe shovm in Figure III, A zero dif- 
ferential pressure reading indicates that the velocity of 
the fluid entering the probe is the same as the free stream 
velocity at that point, hence the value of the area ratio as 
described above should be unity. In view of the difficulty 
or obtaining a zero differential pressure measurement within 
&@ reasonable time, plots of pressure eee SATE BE against 
measured specific humidity were made, the point of zero 
tether eta tre Paes baie ads SEL TRE T Mee eae tht ees ETT 
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of w*, Representative plots of this form are given in 
Figure VIII. 

An attempt was made to obtain traverse measurements of 
o* across the stream, and by integrating these points to 
obtain an average with which to compare the bulk average 
calculated from the known air mass flow and water injection 
rate at the inlet to the aerothermopressor. The details of 


this calculation are given in Appendix 5-6, 
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The ratio of the riezsured humidity to the starred value, 
Ootalsnec as described above, was plotted as a function of 
ares ratio, ae » and is presented in Figures IX, X, and 
i, in the form of comoined plots for all runs analyzed for 
eac.i type of probe, including that one fitted for pressure 
measurement Se 

The mean lines for each type of probe are replotted on 
loj-log scales in Figure XII, to indicate the effect of tre 
prove shape on the results obtz2ined. 

The results obtained by differential pressure measure- 
sents with the third tyne probe are presented in the form 
of a plot of humidity ratio as a function of pressure 
differential, Figure XIII. | 

/, COmparison of the results obtained by the pressur 
differential method with those obtained by tie one dimen- 
apm orem Pepe ee eM R TT bits to the area ratio, for the same 
runs as shown in Figure XI, is given in Table I. 

The results of a radial traverse are presented in 


-iygure XIV, the values of w* having been computed by Loth 
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The experimentally obtained function relating w/a* and 
hen » Given by Flioure IX, represents data from twelve indi- 
vidual runs with the round nosed probes, over a range of in- 
let Mach Numbers from 0.24 to 0.52 and of injected water air 
ratio from 0.024 to 0.127 lbs. water/lbs. air. The maximum 
value of A vi for individual runs is a function principally 

ae olor ML - Cod Rotate and is approximated by the value of 
Mt for one-dimensional isentropic flow corresponding to 
the local Mach Number, (7) 

The divergence of experimental points from the mean 
line at high values of A,/A, is expected from’a consideration 
of the geometry of the probe and the nature of the flow 
pattern when a high sample rate is induced, Since there 
must be a considerable eddy effect under these conditions 
because of the bluntness of the probe profile, and therefore 
no opportunity for the flow to "scavenge" the face of the 
probe of impinged water drops: and since the pressure inside 
the probe is lower than the pressure on the face, there is a 
tendency for the impinged water to enter the probe at high 
flow rates, thus increasing the humidity measured by the 
Dewcel. At low flow rates, where the eddy effect is less 
prominent, such “spillover” is less likely, and in fact 
was not observed. 

The similar plots for the sharp edged probes, Figures x 
and XI, evidence no such divergence from the mean line at 
high sampling rates. Since with this type of probe such a 
"solllover" effect is not to be expected, the authors reason 
that the effect may be ignored in striking a mean line for 


the round nosed probes. 





Figure XII is a replot of the mean lines of Figures IX, 
X, and XI, showing a slight variation of slope of the curves 
for the three probes. Since in the opinion of the authors 
the first and second types represent the extreme variations 
of possible probe shapes, and the third type gives results 
falling intermediate to the other two, it is not likely that 
any other probe shape will produce significantly different 
results. 

The difference in geometry of the sharp edged and blunt 
nosed probes is also manifested in the area ratios calculated 
for choking sample flow. For the blunt probe, with a sudden 
expansion of the sample stream after entering the probe, tie 
area ratios at choke correspond to those for one-cimensional 
isentropic area change for the calculated local Mach ilumbers, 
The sharp edged probes choke at Py appreciably lower aw iae 
due to the effect of friction in the small diameter entrance 
section, and at sufficiently high Mech Numbers it is expected 
that choking might occur at a sampling rate corresponding to 
a value of wa less than unity. 

It is readily apparent from Figure XII that there is no 
PEAT Sa eR Sastre Pea ee Pees Bab ee 
rapid determination of the value of *, ett recourse %o 
calculations involving approximations as to the nature hd 
the flow in the vicinity of the probe. In essence the re= 
sults so far discussed provide a comparison procedure, but 
SOOM MR op eehes se eM ME Ltn Me Leh contribute directly to 
TATE ple /oPR- AME Pam Mal Deano Tithe aol which is the ultimate ob- 
jective of this thesis. 





The pressure differential mothod, however, seems to the 
authors to have considerable promise as the basis of a useful 
procedure for obtaining results independent of the local 
nvegsure, temperature and Macii umber. The results of 
several runs using the probe desicned for this method and 
tne differential manometer and freeing system described 
aoove, are given in Figure XIII. These results indicate 
SRD Soa BO) Te SL ALT Tyee alos Meo oh eB ae Mba e meet Pease ron 
culetion sethod, as summarized in Table I. 

It is suspected that the size ot the external pressure 
Loscdeé, While as small as was thought feasible to manutacture, 
wee gtlll large onough to disturb the flow over the outside 
tap. if so, the pressure indicated by the ovtside tap is 
too low Tie sign of the nressure cdiffie¢rentizl has been 
chosen in such a way that an indicated’ value of the external 
static pressure waich is too low results in a value for 
“xessure differential which is too hish. ‘ere 1t possible 
to correct the pressure differential for this effect, tie 
cisparity noted in Table I would be reducec, It is thought 
that a redesian of the probe, either locating the outside 
tap further downstream or providing internal pressure leads, 
would imerove this condition. 

In obtaining differential pressure readings, much dii- 
ficulty was encountered because of excessive time lag before 
equilibrium of the pressure system was reached, and because 
of the fouling of the pressure leads with water during this 
time lag. The flexible tubing used in the construction of 





the apparatus was too large, being chosen to fit the smallest 
size pyrex three way cocks available; and required a relative- 
ly large flow through the small tap openings to produce 

Sos p a eee Aa Oe MRT Me eae te a eM T MeV iN Me lejer cle b ohh MBG ol 
chirough the taps is required, some trouble is to be expected 
with water intering the pressure leads, and was in fact en= 
countered. it was not possible to obtain an equilibrium 
state in the system before the leads fouled with water, 
making it necessary to blow them out several times before 
producing two identical readings. The use of the smallest 
tubing and manometer commensurate with avoiding capillary 
effects in the manometer is recommended, 


ince tightness of the system is essential, it is 


ay 


recommended that the use of the glass three way cocks be 
continued, as these can be regreased as necessary, and are 
imiown to be oround to close tolerances; but a smaller size 
would be desirable for the reasons stated above, 

As an approximate check on the validity of the results 
obtained by the above methods, a traverse measurenent of 
water air ratio across the stream wes made. The details of 
the traverse are given in Anpendix Be5, where average water= 
aiz ratios across the stream liave been computed by both 
methods. Gecause of mechanical limitations, the traverse 
was completed across only one half of the stream, making it 
necessary to assume in the integration procedure that the 
flow was axially symmetrical. In addition the authors 
consider that more attention in the design of the probe 


PL oes 


micht well have been directed to insuring accurate axial 
alignment and transverse positioning of the probe. 

While the average water-air ratio obtained from inte=- 
gration of the area ratio data is greater than that known 
to have been injected into the apparatus, and that obtained 
by integration of the pressure data is reasonably close to 
the injected value, the authors do not place sufficient 
faith in this traverse to regard the pressure differential 
method as wholly substantiated. Nor do they consider the 
validity of the area ratio correlation to be negated on 
this ground alone, except as further indication that the 
assumptions used in the calculations are not sufficiently 
precise for the development of a useful instrument. 

As a final comment, we wish to point out that the shape 
of the experimental functions presented here is attributable 
only to the interaction of the liquid and gas eee the 
stream. For the case of a significant ie en of evaporation, 
the data must be interpreted as applying only to the Lliquie 
phase. Since, however, the measurements of water air ratio 
are eventually desired to be made in such a way that the 
probe produces no disturbance in the upstream flow pattern, 
the accuracy of measurement possible with the pressure tap 


method is in no way impaired. 


IV. COLUSIONS 


The area ratio method is not satisfactory for practical 
instrumentation, but offers a comparison technique for 
evaluating other methods, 

The pressure tap method, although obviously not yet 
raised to a Pee aie level of precision, offers the best 


promise for development of a successful instrument. 


ier re a0 cree RO airy 

It is reconmendec that the emphasis in further req 
search be nliaced on the develonment of a probe employing 
the pressure differential technique as a neans of indicating 
the desired flow conditions for measuring the stream water- 
air ratio. Recofmended probe configurations are civen in 
Figure XV, wacre it will be noticed the major consideration 
nas been to improve the shape in the region or the external 
pressure Opening to avoic incorzect indications of external 
static pressure. The length of the parallel entrance 
section should be kept as short as possible in order to 


avoid difficulties with choking due to rriction. 
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List of Symbols used in the text 


PAu cT ee ant Yt 


Mach Number, dimensionless 


P -= Pressure, centimeters of mercury 


SP = 
teh 
4 4 a 
V — 
wi = 


=P 

eee 
on 
1 -= 
+ a 
ae 
oi 
a 
~ a 
d- 
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Pressure differential, centimeters of water 


Refers to scale reading of Schutte and Koerting rotameter 


Temperature, °F abs. 


Velocity, feet/second 


Total sample flow rate, pounds/second 


Mass flow rate of gas phase, pounds/second 


Mass density, pound Prtteltl eek a 


Specific Humidity, pounds water/pound air 


Average injected watereair ratio 


Actual value of stream watereair ratio 


Refers 
Refers 
Refers 
Refers 
Refers 
Refers 
Refers 
Refers 


Refers 


to 
to 
rae) 
to 
to 
to 
to 


to 


- Subseripts 
eG eety condition 
conditions at plane of injection 
local stream conditions at probe location 
Pee poe in stream upstream of probe 
ope eer = 
atmospheric conditions 
measured value 
Peres pase BL loi-2e 


conditions at flow measuring nozzle 





APPEIDIX A=2 
auonlenentary Introduction 


In undertaking the task of obtaining a Satisfactory in- 
strument for the measurement of the water-air ratio of a 
high velocity air stream, it was thought, on the basis of 
qualitative reasoning, that the shape of the curves of w vs, 
flow rate for any shape of probe would show a point of in- 
RT ee PMS bl oP AB Res be Behl lM Toto ot Re 
would be obtained. The definition immlied by a "true samplo 
is that the effect of the probe on the stream tube which 
enters it is nil, so that there is no relative motion of the 
liquid droplets and the air in this stream tube. Furthermore, 
it was expected that the rate of change of measured humidity. 
with sample flow rate would be zero or nearly so in this 
region. 

By testing two probes of widely different shape, it was 
hopec that the effect sought would be found to be influenced 
by the shape, and that a reliable TET PB Le Ey di) mignt be 
built around this characteristic of the flow, the ultimate 
shape being chosen so as to make the inflection point most 
prominent. 

‘The shape of the experimental curves shown in Figures 
Ix, X, and XI does not bear out the qualitative picture given 
above. Furthermore, the shape of the curves for the blunt 
nose and sharp nose probes is much the same, indicating that 
there is little chance of any intermediate probe shape ex- 
hibiting such well defined features of the experimental 
function as are necessary to the development of an engineering 


Atalay on this principle. 


Ka 


The measurement of the external ane internal static 
eee eb tL Mel Mee isis tt Meh Me ba ee LL lll Lb MR EME LL 
in this case as an alternative method for indicating a true 
sample. in principle, however, the basic essential of the 
proliem is the necessity of withdrawing e sample fron the 
uigh speed airstream in such a way as not to distur tie 
flow of aas and liquid ecroplets upstream of the samplinc 
element. Since any probe will cause a disturbance of tie 
eee ear there exists tne necessity of contzollir the 
nature of the disturbance, and the means c.iosen to do so 
here Was to vary the amount of sample withdrawn. Tie proo= 
len was thus reduced to that of how to determine which 
sample flow rate is the correct one, and 6 technique for 
answerine this question was the principal objective of this 


tnesise 


eich 


FA SJaUO ewan 


ere NE heh aol 1 Sea ML Tok SR EAT MET MT Le to Ce Te ET 


The Pre Water-air ratio “%, Was Calculated from the 
several curves given by Wadleigh ea for the 21/@ inch sub- 
sonic aerothermopressor. The inlet Mach Number and alc mass 
-low rate are given by a one-dimensional analysis as func= 


Lions of the pressure ratio Yea-P, » corrected for the 


criect of the water injection ee by means of an auxiliary 
correction curve applying to the particular injector used. 
the injected water rate was taken from Pater eto curves 

for tie Schutte and Koerting Notameter used. The value of 
%, used in these calculations wes given by the ratio a 
Onteined from the above quantities. 

The specific humidity of the sample in the dewcel 
cuamber was calculated from the measured pressure and dew 
point temperature by use of the Gibbs-Dalton rule for mixe 
sures anc the definition of the dewepoint temperature, The 
partic.  ressure of water vapor in the mixture is given by 
vie saturation pressure corresponding to the dew=point tem= 
perature, and the partial pressure of air calculated from 
the rule that the sum of the partial pressures of the con= 
Stituent gases is equal to the measured total pressure. 

eee - Za Ps - Es - 

™ \o4 Pau We. Po 
=~ O.622 =a for water vapor and air, since the 


temperature of the mixture is assumed uniform, 
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ARPELDIXN D=2 
Calculation of Sample Flow Rate 


The sample flow rate was measured by the use of a 
Berrie ASME long radius flow nozzle with nozzle throat 
waps, of throat diameter 0,100 inches, installed in the 
O. \O inside diameter tubing immediately downstream of the 
boiling water heat exchanger. 

Since the sample humidities involved in these experi- 
ments were sufficiently low to allow a ae the mix- 
ture as if it were air for the purpose of computing specific 
heats and molecular weight, the formulae given below ve bea 

© were considered adequate for the purpose. The approach 
velocity correction was considered negligible in this case, 
and only static pressures measured, 

ee bee bi) MPa Me th Meio) + 28M bE bel coefficient, from 
mininum to maximum flow rates used, was predicted from the 
data of (9) to be from 0.56 to 0.92, for Reynolds' Numbers 
based on diameter from about 2,000 to 6,000. In view of 
the uncertainty of the other assumptions made leading to 
the computed values of area ratio from measured data, it 
was considered sufficiently accurate to use a uniform coef- 
sicient of discharge of 0.90 for all calculations. 

COE LS a Ser eC Moe ey eel ean MT Me de 
perature entering the nozzle was 205°F for all flow 
conditions. 

For 4p between 10 percent and 50 percent of inlet 


cise 
| 


pressure, the flow rate through 4 standard nozzle is given 


by [6] as 


2 
\N = ©.*€627 CD Cae 
By’ for air 


or, for 4p and pp, in centimeters of mercury, and other values 


as given above, 


oe 
NN ore ch ae ECR 


For 4p less than 10 percent of the inlet pressure, 


Ne ICRC OR by | “est 


or for 4p and py in centimeters of mercury, and other values 


as given above, 


\N = ©: erate \ eV AR one 
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APPEDIX Neg 
Calculation of Locsl Mach Number Me 
Tne local Mach “‘ur¥er wig Was calculated from @ one- 


dimensional analysis of a discontinuity usine the control 


yolume shown belov: 





7 tet thet: 1) The water injection yolocity is 
negligible 

=) The liquid velocity and oas velocity 
are equal at section 2 

3) The flow is adiabatic 

4) There is no evaporation of liquid 
in the test section, 


From the Perfect Gas Rule (Equation of State) 


ose | (1) 
a Ti Ty 


From the Condition of Continuity 
sek > ea = a o> 
The Steady Flow Energy Equation | 


a L 
CoTo = CaT, + Na, = Cot, + V8 4 ue Vee (3) 
Gt ra a 
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ate Ge =e aes Pare (5) 


(2) an (1) and using (3) and (5) 
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where the positive sign is taken under the radical, since 
ae negative yields a value of M, without physical meaning. 
TT local Mach Number is thus calculated approximately as 
a function of the inlet Mach Number and the ratio of inlet 


pressure to local pressure. 
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Calculation of Area Ratio iy 


pUst Be of-bat hn -ba Do tel el 1s MA Mr obarl Pe AREAS Mea Mo MEaI shee ote 
derived from the following considerations: 


The Condition of Continuity: 
Vow aa ee) 
a 


The Definition of M 


Ms Yh = A a | &), 


The Perfect Gas Rule (Equation of State) 
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sas 4 RS, CGH ae BK 
Ae ie PA sf as 
Zod ee in centimeters of mercury and w, in pounds per second 


(equal to Wiese Bert the liquid entering the probe is 
assumed to occupy negligible volume. ) 3 

Hote that A Seo MAC ME PM ott bal bal Mol Molt eet Ban 
since the point of measurement of local pressure was chosen 
sufficiently far upstream of the probe as to be unaffected 
by its presence, the condition under which the subscript 
is generally applied. 


ALPE DIN Daw 


Method of Inteqrating Traverse Measurements 


ivaverse measurements were made at five nositions, 
centerline and at cach succeeding nisarter of an inch, usine 
soth the area ratio and pressure cifferential technicue. The 
sesults are slotted in Figure XIV. 

TO obtzin an average water ais ratio to compare wlth 
sue known injection the following definition was used: 


re CoC eet 
ee 
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The product pV was assumed constant across the section, re- 
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cucing (L) to: ae 
¥. - 
Wee ei 
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Vd aes 


Tae mimerator of this expression was evaluated out to 3 








tadius of one inch, by spplyiny Simpson's mule for numerical 
inteoration with ten ordinates. The value of «* at radii 
fceater than one inch is in question, since for a wet wall 
im becomes infinite at the wall. in Peete ste the integral, 
it was assumed that the curve of @* cou_d be faired into a 
straight line extending from r = 1,0 tor =F. The comci~ 
bution of this portion of the integral was computed by using 


& mean value of the product reo*, 


° iad 








pe. Ran 
SUMMARY OF AREA RATIO CALCULATIONS 
Run Probe Date a) Py Mo - 
ie 7 3/25 0.270 0.036 0.279 510 
phe bi 3/27 0.243 0.08 0.249 5066 
Te a 26 0.240 0.125 0.251 507 
ly a 3/28 0.420 0.024 0.455 507 
ces ei 2/28 0.420 06.050 0.457 507 
19 ei 3/29 0.415 0,079 0.473 503 
20 re 3/29 0.520 0.043 0.640 503 
ay, Iv Y29 0.242 0.083 0.253 503 
vx iam 3/30 0.250 0.038 0,258 507 
ay III 3/30 0.250 6.080 0.258 507 
pla peas 3/30 0.250 0,127 0.258 507 
ra me. VA 0.48 0.048 0,582 507 
eI ee. 4/7 0.343 0.077 0.372 511 
a9 es rahe 0.343 0.120 0,371 £511 
30 TIA 4/6 0.343 0,048 0,372 51) 
; IV 4/17 0.345 0.034 0,367 511 
cv) Iv 4/20 0.345 0.034 0.365 505 
33 a 4/20 0.420 0.080 0.475 5065 
34 Iv 4/20 0.345 0.034 0.365 505 
cis) Iv 20 0.345 0.034 0.365 505 
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1 ies 3.00x1079 
wet = 0,046 


Stel) ae ew 
5 ee 
ae = 3.00x107 
we = 0,092 


git omm as 
3/28 
ETL shoe 


ut = 0,156 


TASLE III 
DERIVED VALUES 

om rm ara hoe 
0.039 0,031 0.895 
0.037 0.029 1.010 
0.037 0.029 1.050 
0.036 0.026 1.074 
0.032 0.024 1.074 
0.039 0.031 06.940 
0.040 0.032 0,505 
0.050 0.042 0.630 
0.043 0.035 06,729 
0.055 0,047 0,453 
0.058 0,080 0,454 
0.066 0.060 0,773 
0.070 0,064 0,849 
0.066 0.060 0.993 
0.074 0.068 0,826 
0.079 0.073 0,654 
0.095 0.089 0,483 
0.066 0.060 0,983 
0.066 0.060 1,011 
0.091 0,08 0,977 
0.104 0,099 0,65 
0,14 0.119 0.702 
0.092 0.083 1,020 
0.089 Pg ofan Le eer 
0.090 6,055 : 093 
OPO oie) OSB 1,112 


0.900. 
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Run 17 
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= 3,00x1079 
ot = 0,034 
etre be 
eyed i,’ 
Py = cre 6, a heme 
ist = OL 070 
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u* = 0,125 
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0,034 
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0.022 
0,029 
0,043 
0,031 
0.051 
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0.106 
0.100 
0,097 
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0.131 
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1.019 


0.686 
0.620 
OPT STs 
0.973 
OPS) re) 
ee 
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aonb Til (Cont. ) 
| wr c 

<a re xLO vp ane aes AT 

0.075 Os0O73S 0.760 0.709 OP ner 1,120 

att ee) 0.084 0.079 0,701 Sw ie). 0.791 eee 
pas «3 0-076 0.073 0,855 0.799 0.895 1.190 

as =3.00x10 0,074 0,069 0.885 0.609 0.906 1.060 
9.069 e064 - 0,946 OPE rsh”, 0.996 0.985 

- Opa ese 0, 069 Paes Ley ole: 0,943 1.058 0,965 
oma on se oPa Ole) 1.035 0.975 a 8 o)e' 1.000 

eer 0,042 0,037 0.975 OPa St -8 I eae) 0.616 
sn I 0.044 0.039 0.946 0.913 2.32 0.650 

A. = 3.76x1072 043 0,038 0.901 0,671 2.21 06.634 
pi eee 0004S 0.038 0.524 0.795 2,02 0.634 
5 ? OPE ess 0,050 eee 0.552 pear 0.834 
0.000 0.044 0,660 0.631 1.600 0.710 

— 0.046 0.040 0.687 0.660 1.670 0.646 
=e Pe oPReU 0.039 0,696 0.070 1,696 0.630 

" + —~ Toa) oP en oe oF ex 0.096 0.673 1.704 0.630 
med) ma 0.044 0,038 0.596 0.671 1.700 0.613: 
ae - OPE. > oF 6.4) 6) 0,044 OPES OPT obs pe low, 0.710 
JeQDI2 0,046 0,262 0,537 Peet es) OPC, 

ery on 0,055 OFT hel 6) OTe 1.173 0.87 
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A,=2.74 x 1079 
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press s a eae 


oe od rao 
0.110 0,104 0,456 
0.081 0.075 0.654 
0.080 0.074 0,705 
0.079 0.073 0.71] 
0.079 0.073 0.720 
0.090 0, 0.575 
0.088 0.082 0.563 
0.145 0.139 0,542 
0.124 O.118 0.64] 
0.118 0.112 0.638 
0.109 0.103 0,698 
0.084 0.078 1.010 
0.08 0.080 06.936 
0.096 0.090 0.835 
0.115 0.109 0.670 
0.146 0.140 0.49% 


else 
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0.091 0,08 1.139 1.049 1.680 0.773 

Run 28 0.089 0.083 1.148 1.059 1.698 0.755 

| Wj 00088 0,062 1,120 1,034 1.660 0,746 
A,= 3012 x10™ 0.089 0.083 1.046 0,965 1,548 0,755 
0.095 0.089 0.991 0.911 1.461 0.809 

eee Pps he 0.108 0.102 0.817 0.741 1.189 0.927 
00123 O.117 0,642 0.548 0.879 1.064 


0.141 O.137 1.047 O.921 1.478 #£=0.770 

Run 29 0.144 0.140 1.020 0,895 rey, 0.787 
4/8 wz 0-162 0.156 0,857 0.740 1,188 0,568 
i 3212x190 O.187 0.183 0.717 0.606 0.973 1.029 
i 0.134 0.130 1.092 0.967 1.550 0.730 


0.081 0.077 0.583 0.542 0.871 1,070 
Run 30 0.069 0.065 0.790 0.743 1.194 0,903 
WA) 0.061 0.057 O.910 0.862 1.387 40.792 

= 3,12x10™ 0.062 0,058 0.945 0.894 1.434 0.806 
oars 0.058 0.054 1.029 0.974 1.569 0.751 
: 0.058 0.054 1.074 1.019 1.639 0.751 
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Pato s ShlOR SSO) 
Sample Calculations 


Era Masta pa ora Tia Me Te Malt Melba te Om) 
the values of inlet Mach petel os and injected Water air ratio 
are found to be, for Run Number 23, 

My = 0.250 
%_ = 0,036 
These values are constant for the run. 
From the calculations of Appendix B-3, the local Mach 


lumber M,~ 5 is calculated 
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The local temperature ie is calculated from Equation (5) 
of Appendix B=3 
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The Area Ratio Ae trom Appendix B-4 is calculated 
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first point of Run 23, from Appendices B-1 and B=-2, 
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Rot. 30 


TABLE IV (Cont. ) 


DEWCEL DATA 
ve Dew Pt. 
133 eB! 
123 phe) 
133 108 
133 107 
130 100 
128 96 
Bhs. $17) 
132 60 
me ar 
A Be) oii 
py, 93 
p RCS 97 
133 103 
99 65 
45) ves 
97 70 
89) 62 
Ste ere) 
109 90 
120 he 
pBAe 103 


FLOW 


CaaS 
eral 
op es 
or wa 8) 
pee 
66,2 


DATA 


Ne 


<yree 
Sores 
are 
sere 6 
74.0 
93.1 
ehee 


Tee 


ieee 


42,0 
560 
rere 
Pei 
phe 
cre l 
eer) 
shores 





Run 24 
rete 
we 
p a1 OX 
Am OP TO era) 
2 re Pt 
nOte 60 
iol eee 
eV sere 
ei 
im 503 
Ws 0,006 
at 7 6 Pe 
Pp. (40 
ote 9O 
Run 27 
4/7 
pee." 
Cm 507 
| ‘sae 61s) 
ay ot FS 
oe tery) 


Rot. 66 


Pa 


pare 
roree) 


puPT 
pare 
errs 


ma 
aT 


eres 
re 
cee 
ras PS 


Pas 
472 
cee 
LOPES 
err 


PY) Awa Ore 
DEWCEL DATA 
1, Lew Pt, 
Let pe) 
140 102 
133 ert 
im ra) 
116 73 
pi ao 
eal As") 
pa 116 
of ee 
ee L107 
L126 vf 
140 peal 
kre 105 
ee Bk 
pee 123 
sete aR) 


FLO/ 


ae 


STC 
Claret 
4.9 

ae 
RUPE 


Del 


oO 
Py 
ar ae) 
eer 


=~! 


DATA 


ie 


pe 
oe 
rw | 
Cee 


112,0 


eres 


oe 
7&,0 
as 
29.46 
ne 


ee 


hs! ere) 
Car 
IIA 
Te oii 
sy oF elele 
oe) vere 
Rote 76 
Run 29 
aS 
ae.) 
Ty ope 
rm 0,004 
a) oe r v 
a) C7eS 
Rote 114 
Run SO 
ioe. 
Ts oll 
een ort 918 
i) 67.a 


Ate) Ten El 


Pg 


1 OPTS 
sae7 


37,3 


cP 
nS 


re 
on | 


61.6 
ce 
eter.) 


wl 
ary 
20.8 
eres 
sere 
core 


ZABLE TV (Cont. ) 
DEWCEL DATA 
rvs Dew Pt. 
pao) 93 
aha 9 
165 08 
165 LO3 
166 sGels 
166 120 
piss sere ey] 
138 pm es 
140 phe 
149 PRC T@ 
wa pays 
Ere Aa els 
149 mal 
pis! 6 ia 
ey agen.) 
144 96 
ce 96 
13 ea 
Atle es 


PR oN 


38,6 
loree 
APS 
cu eo 
rer 


<P 


ae y 
AP. 


170.1 
Rey Pee 
LBC PD 2 
phe Pye) 
Se a 
rw | 
eines 


Run 30, 
4/7 
nme." 

se. abe 
ory oF 004 
Py 67.3 
Rot. Sl 

Siete mmC aI 

cv A 
IV 
Ty ape 
“ 0,004 
a 69.0 
Rot 36 
Run 32 
nv Mle 
pal 
) 505 
O, 0.003 
Py ews 
vir - 


Pa 


29.0 
31.6 
PaO 
35.1 
43.6 
Sled 
oe 
ST SPE 


Pes 
62.0 
hae 
93.6 


TABLE IV (Cont. ) 
DEWCEL DATA 
135 71 
135 vc 
PRC hs 76 
picts 79 
136 se.) 
ecw) 90 
139 100 
140 113 
ee | 
121 ort 
120 vi) 
i. a9 
115 m3 
115 ste 
115 92 
pei rh?) 


FLOW 


ae 


coe 
Tae 
Coe 


oD Pe 
61.5 


DATA 


OP, 


13.5 


LOSE) 
2] Oe 


al 2 


a ob) 
bar 


63.5 -i17 


<1 


al) 
ao 
ache 
at So 


ol, 


20 

mays 
T, 30 
om 0.003 
Pr os 
Rot 92 
Runs’ 34-37 

4/20 

T. 505 

ore] ei} 
a 65.7 
ie 67.2 
Rot. 36 


a) Pe 
aE TS 


re 
oe ES | 
42.5 
42.8 

pp 
ees 


row 
Caen 


TABLE IV (Cont. ) 


DEWCEL DATA 
rm Dew Pt. 
ay ‘eae 
128 107 
ai 102 
128 Bee 
5 ee 
121 75 
) 3) 
1mah rhe 
112 om 
109 ets 
110 79 
aah 88 
By. i | 
Bai Sh 
pe 105 


9 es 
a3 


ee 
oes) 
eee 


res 
rae) 
epee $ 
62.0 
49 04% 
are 


eye 
AP 


eRe 

ares 
slerhe 
ene 


een 
Sere e) 


RK Ppl 
V5e8 
vETDS 


ere 
D5el 
1 OPS 


Pe 
66,0 
21.0 


5 gD" 
+11 


+66 


oe 
“19 


a 
=117 
=-140 

+ & 

agit 


=105 
+27 


es 


er 
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